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Abstract 20 
 21 
The ability of regional atmospheric models to accurately represent long-range transport of dust 22 
is crucial for describing dust effects on radiation and clouds and for reducing their uncertainties 23 
on these processes. The optimized CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder 24 
Satellite Observations) pure-dust product that provides the three-dimensional patterns of dust 25 
and its transport pathways is a unique tool that can address the aforementioned model’s issues. 26 
In this study we use the CALIPSO dust extinction profiles as a tool for examining the 27 
performance of the regional dust model BSC-DREAM8b in space and time, for the period 2009-28 
2013 over Northern Africa, the Mediterranean, Europe, Eastern North Atlantic and the Middle 29 
East. Our analysis suggests that the model overestimates the dust extinction coefficient above 30 
dust source regions in Sahara Desert especially at altitudes lower than 3km at about 0.04 km-1. 31 
We also found a slight underestimation of transported dust over Europe and Atlantic Ocean 32 
lower than 0.025km-1 of extinction coefficient values all along the vertical column. Over the 33 
Mediterranean dust is overestimated (~0.01km-1) in layers higher than 1 km height. Dust in the 34 
Middle East is significantly underestimated by the model (~0.05km-1) all along the vertical 35 
column especially during warm seasons. The study also provides an analysis of the CALIPSO 36 
limitations and uncertainties on the detection of strong dust activity contributing to the 37 
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differences between the simulations and observations above the dust sources of Bodelé and 38 
Algeria.    39 
 40 
 41 
1. Introduction 42 
 43 
 Mineral dust is one of the most abundant aerosol types on the Earth’s atmosphere, 44 
emitted from wind erosion and soil resuspension over arid and semiarid regions. It travels in the 45 
free troposphere from one day to one week depending on its size, and then deposit by 46 
sedimentation, wet or dry deposition [Colarco et al., 2003]. Dust aerosols affect the radiative 47 
balance both directly (by interacting with shortwave and longwave radiation, Sokolik et al., 2001, 48 
Perez et al. 2006, Balkanski et al., 2007) and indirectly (by acting as cloud condensation and ice 49 
nuclei, DeMott et al., 2003). Three-dimensional dust models are important tools for studying the 50 
complete dust lifecycle including emission, transportation and deposition near or far from the 51 
sources. Hence, they have been widely used both at global [e.g., Ginoux et al., 2004; Mikami et 52 
al., 2006; Zhu et al., 2007] and regional [e.g., Perez et al., 2006; Klein et al., 2010; Solomos et 53 
al., 2011] scales. 54 
 Despite notable advances in modeling, dust remains the dominant factor in the 55 
uncertainty of aerosol radiative forcing [Myhre et al., 2013]. Soil dust characteristics, primarily 56 
from the Saharan and Middle East Deserts, have changed since the pre-industrial era due to i) 57 
land disturbance and resulting desertification and ii) changes in climate. Recent studies by 58 
Mahowald et al., 2010 and Mulitza et al., 2010, found that the dust load, emission and 59 
deposition has increased over the 20th century, concomitant with the development of agriculture. 60 
At the same time, analysis of dust sources [Ginoux et al., 2010], suggests that a significant 61 
fraction of transported dust has an anthropogenic origin [Chen et al., 2017; Zhang et al., 2017] 62 
and along with mineral dust particles emitted from natural processes affect the Earth’s albedo. 63 
Considerable research efforts have been devoted to quantify dust directive radiative forcing 64 
[Park and Jeong, 2008; Huang et al., 2009; Chen et al., 2017]. However, there is no full 65 
estimate of the resulting radiative forcing due to dust particles [Myhre et al., 2013]. 66 
The vertical distribution of aerosols is one of the main sources of uncertainties regarding 67 
their impact on the Earth-atmosphere system’s radiation budget [Textor et al., 2006, Samset et 68 
al., 2013; Kipling et al., 2015]. This is attributed to the misrepresentation of the atmospheric 69 
processes (e.g. dust emission rates, turbulence, convection, planetary boundary layer (PBL) 70 
height, heating and buoyancy changes of dust layers) in the models governing aerosols’ three 71 
dimensional structure [Kipling et al., 2013; 2015]. Therefore, the accurate representation of dust 72 
vertical distribution is much needed to i) improve the representation of dust life cycle 73 
components (i.e. transport and deposition) and ii) to assess dust radiation interactions and the 74 
subsequent impacts on atmospheric dynamics from short (weather) to long (climate) term 75 
temporal scales. The deposition processes are of particular importance for the marine biota of 76 
the Mediterranean Sea, Red Sea and the Atlantic Ocean [Markaki et al., 2003; Li et al., 2017]. 77 
 Sufficient altitude-resolved information on aerosols abundance and properties has been 78 
lacking. However, significant progress in characterizing the tropospheric aerosol vertical 79 
distribution has been made in recent years through the deployment of ground and satellite 80 
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based lidar measurements. From space, vertically resolved aerosol and cloud observations are 81 
acquired from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 82 
(CALIPSO) since mid-June 2006 [Winker et al., 2010]. Specifically, CALIPSO is established as 83 
an accurate and robust mean for mineral dust identification from space [Liu et al., 2008; Omar et 84 
al., 2009]. The 3-D LIVAS (Lidar climatology of Vertical Aerosol Structure) -CALIPSO pure-dust 85 
dataset developed by Amiridis et al. [2015] provides the horizontal and vertical patterns of 86 
Saharan dust loads over Europe [Marinou et al., 2017]. The aerosol height information provided 87 
at high vertical resolution by the CALIOP extinction profiles is vital for validating source 88 
strengths and improving aerosol radiative forcing calculations in dust models. 89 
BSC-DREAM8b model has been already evaluated in previous dust model evaluation 90 
studies revealing the principle model’s biases. Basart et al., [2012] used Aerosol Optical Depth 91 
(AOD) retrievals from AERONET to evaluate BSC-DREAM8b model stating that the model 92 
underestimates AOD over the Sahel during winter and overestimates AOD over the Middle East 93 
and the Mediterranean region for 2004. In accordance with these results, Amiridis et al. [2013], 94 
who relied on CALIPSO and AERONET measurements, reported that the BSC-DREAM8b 95 
model overestimates dust over Europe, the Mediterranean and the Atlantic Ocean, while it 96 
underestimates dust loads over source areas in North Africa. Binietoglou et al., [2013] found 97 
that the model is reproducing adequately the shape of dust profiles but underestimates the 98 
concentration levels at 10 ACTRIS/EARLINET stations located in Europe. Moreover, the 99 
EARLINET station operating in Potenza (southern Italy) was used by Mona et al., [2014] to 100 
evaluate the simulated dust extinction profiles showing that the model underestimates dust 101 
abundance, particularly at the lowest tropospheric levels (below 3km).  102 
 This study uses the 3-D pure dust CALIPSO product to evaluate the capability of BSC-103 
DREAM8b dust model to simulate the mineral dust vertical distribution. The paper is structured 104 
as follows. In section 2 we present the main characteristics of the model and the pure dust 105 
product as well as the applied methodology performed for the evaluation of model outputs 106 
against observations. In section 3 we present and discuss the obtained findings while in section 107 
4 summary is made and the main conclusions are drawn. 108 
 109 
 110 
 111 
2. Methodology 112 
 113 
2.1. The BSC-DREAM8b dust model 114 
 115 
The Dust Regional Atmospheric Model (DREAM) has been initially developed as an 116 
additional aerosol module for the Eta model [Nickovic et al., 2001] to simulate and predict 117 
the atmospheric cycle of mineral dust aerosols. It is based on the Euler-type partial 118 
differential nonlinear equation for dust mass continuity and is operated by the National 119 
Center for Environmental Prediction’s Global Forecast System (NCEP)/Eta atmospheric 120 
model [Janjic, 1977, 1979, 1984, 1990, 1994, 1996a, 1996b; Mesinger et al., 1988; Zhao 121 
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and Carr, 1977]. The concentration equation simulates all major processes of the 122 
atmospheric dust cycle. During the model integration, calculation of the surface dust 123 
injection fluxes is made over the model’s cells declared as deserts. Once injected into the 124 
air, dust aerosol is driven by the atmospheric model processes, namely, a) turbulence in the 125 
early stage of the process when dust is lifted from the ground to upper levels; b) winds in the 126 
later phases of the process when dust travels away from the sources; c) thermodynamic 127 
processes and rainfall of the atmospheric model; and d) land cover features which provide 128 
wet and dry deposition of dust (including impaction, gravitational sedimentation, interception, 129 
Brownian and turbulent coagulation) over the Earth surface.  130 
 131 
It is noteworthy that the updated version of the model, BSC-DREAM8b v2 [Pérez et al., 132 
2006; Basart et al., 2012] is developed and operated at the Barcelona Supercomputing 133 
Center, Spain (BSC; http://www.bsc.es/projects/earthscience/BSC-DREAMess/bsc-dust-134 
daily-forecast). Its operational forecasts is also participating in the Northern Africa–Middle 135 
East–Europe (NA-ME-E) node of the World Meteorological Organization (WMO) Sand and 136 
Dust Storm Advisory and Assessment System (SDS-WAS; https://sds-was.aemet.es/). This 137 
updated version by the model includes an approximation of the dust size distribution of eight 138 
size bins within the radius range between 0.1-10µm [Tegen and Lacis, 1996], considers dust 139 
interactive radiative feedbacks [Pérez et al., 2006]; improved dust source representation, 140 
and updated wet and dry deposition schemes. The model has been evaluated and tested 141 
against observations [e.g., Jiménez-Guerrero et al., 2008; Pay et al., 2010; Basart et al., 142 
2012; Gama et al., 2015], in source regions during SAMUM-1 [Haustein et al., 2009] and the 143 
Bodelé Dust Experiment [BoDEx; Todd et al., 2008]. 144 
For the present study, the model configuration used for the present study includes 24 145 
Eta vertical layers extending up to approximately 15 km in the vertical. The resolution is set 146 
to 0.33º x 0.33º in the horizontal. For each bin the extinction coefficient is calculated at 550 147 
nm with a Mie-algorithm as described in Perez et al. [2006].  The period of study extends 148 
from 1st January 2009 to 31 December 2013 and the temporal resolution of the model 149 
outputs is 1 h. The domain of simulation covers northern Africa, the Middle East and 150 
Europe. The Final Analyses of the National Centers of Environment Prediction (NCEP/FNL; 151 
at 1º × 1º) at 00 UTC were used every 24 h as initial conditions and boundary conditions at 152 
intervals of 6 h. The model does not include dust data assimilation and the initial state of the 153 
dust variables is defined by the 24-h of the previous-day model run, except in the cold start 154 
when model dust concentration is initialized to zero. The ‘cold start’ of the model is initiated 155 
on 27 December of 2008. 156 
 157 
2.2.   The CALIPSO pure-dust product 158 
  159 
 CALIOP measures aerosol backscatter profiles at 532nm and 1064nm, at high horizontal 160 
and vertical resolution [Winker et al., 2009]. For the BSC-DREAM8b evaluation, we use the 161 
optimized CALIPSO pure-dust product that discriminates the pure-dust component from the 162 
total aerosol load by applying three corrections on the standard CALIPSO dust extinction 163 
retrievals [Amiridis et al., 2013]. Firstly, the pure-dust backscatter coefficient component is 164 
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decoupled from the total aerosol backscatter to separate pure dust in external aerosol 165 
mixtures, based on a depolarization technique [Tesche et al., 2009]. A correction is then 166 
applied based on an averaging scheme that includes zero extinction values for the non-dust 167 
aerosol types detected. Finally, the pure dust extinction coefficient is estimated using a 168 
spatially constant lidar ratio (i.e. extinction-to-backscatter ratio) of 55 sr instead of 40 sr used 169 
in CALIPSO v3 [Omar et al., 2009]. The selection of the 55 sr LR is based on long-term 170 
EARLINET (European Aerosol Research Lidar Network) measurements [Papayannis et al., 171 
2008; Pappalardo et al., 2010] of Saharan dust plumes over Europe, which is applied to 172 
individual Level 2 dust-related backscatter products over cloud free profiles. Specifically for 173 
the region of Middle East (30-50º E and 0-40 º N) the lidar ratio of 40 sr is preserved due to 174 
the different mineralogy of Arabian sources [Nisantzi et al., 2015]. The extinction coefficient 175 
profiles at 532nm are vertically integrated to estimate the Dust Optical Depth (DOD). The 176 
quality control procedure follows the CALIPSO L3 version 3 screening procedure [Tackett et 177 
al., 2018], and additional filters are applied to ensure the use of cloud-free profiles only 178 
[Marinou et al., 2017]. This product has been used to provide the three-dimensional 179 
distribution of dust and the dust transport pathways across northern Africa and Europe 180 
[Marinou et al., 2017], Asia [Proestakis et al., 2017], as well as in a synergistic approach 181 
with dust models for the description of severe events [Solomos et al., 2017] and impacts of 182 
dust on radiative transfer [Tsikerdekis et al., 2017].  183 
The CALIPSO pure-dust product describes satisfactorily the dust properties, 184 
although due to the CALIPSO orbital characteristics and to laser attenuation the product is 185 
subjected to specific limitations. Such a limitation is presented in Appendix A that shows the 186 
DOD calculated from the pure dust CALIPSO product (Fig. Aa) and the total daily mean 187 
Aerosol Optical Depth (AOD) observed from MODIS (Moderate Resolution Imaging 188 
Spectroradiometer) at 1°x1° grid resolution and collocated over the CALIPSO overpasses 189 
for the period 2009-2013 (Fig. Ab). As expected, the maps show that the MODIS AOD is 190 
almost everywhere higher than CALIPSO DOD, especially in northern latitudes, since 191 
MODIS measures total AOD, so all aerosol types are taken into account, including 192 
anthropogenic and biomass burning aerosols above Europe.  193 
When focusing over northern Africa and the Middle East, where dust is the 194 
predominant aerosol type, CALIPSO detects lower values of DOD compared to MODIS. 195 
This difference is maximized over the dust sources situated in Bodelé, Algeria and Libya. In 196 
particular, over the dust source regions of northwestern Africa MODIS detects AOD values 197 
almost twice greater than CALIPSO DOD, while over the Northern Chad region the 198 
difference is maximized where CALIPSO measures DOD of about 0.3 and MODIS detects 199 
AOD values of 1.2(Fig. A). This discrepancy has already been documented in the literature. 200 
Ma et al. [2013] have shown that CALIPSO AOD is systematically lower than MODIS AOD 201 
over major dust regions, with maximum observed departures over the Sahara. CALIPSO 202 
does not satisfactorily detect strong dust activities over the main sources of Bodelé, Algeria 203 
and Libya. Yu et al. [2010] compared CALIPSO observations with GOCART model 204 
simulations and MODIS retrievals and found that in dust source regions GOCART extinction 205 
is larger than CALIOP observations by a factor of 2 or more. Kittaka et al. [2011] compared 206 
AOD derived from CALIPSO with MODIS Aqua AOD and found that AOD from CALIPSO 207 
has a small global mean relative to MODIS. Comparison studies of CALIPSO AOD with 208 
measurements at AERONET sites showed a negative CALIPSO bias [Schuster et al., 2012; 209 
Omar et al., 2013]. 210 
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For satellite measurements, it remains challenging to distinguish heavy dust loading 211 
from clouds, because of the usually large overlap of optical properties between them. Over 212 
or close to source regions heavy dust might be misclassified as clouds. Another significant 213 
source of uncertainty in the retrieved profile occurs in layers with optical depth greater than 214 
about 3, when the lidar signal is completely attenuated, which might be the case in large 215 
dust events [Kosmopoulos et al., 2017; Solomos et al., 2017]. Both cases bias the aerosol 216 
extinction to a lower magnitude [Yu et al., 2010].  Despite these known limitations of dust 217 
underestimation above the dust generation regions, the CALIPSO pure-dust product is 218 
trustworthy over the adjacent regions of dust sources and the regions of dust transport. 219 
CALIPSO product is able to observe aerosols’ vertical structure over unfavorable surfaces 220 
and at night, to distinguish dust from non-dust aerosols and thus can be satisfactorily used 221 
for model evaluation taking into consideration the aforementioned cautions. 222 
 223 
2.3. Comparison Methodology 224 
 225 
For evaluation purposes we utilize the extinction coefficient profiles from the pure dust 226 
CALIPSO product [Amiridis et al., 2013]. Model outputs are bilinearly interpolated in space 227 
and linearly interpolated in time to CALIPSO overpasses so that the model profiles used in 228 
the analysis correspond exactly in space and time with the CALIPSO footprints. The derived 229 
profiles are then interpolated over the CALIPSO vertical coordinates. Both CALIPSO and 230 
the model collocated outputs are then regridded to a horizontal resolution of 1°x1° for the 231 
period of study (2009-2013) to be consistent for the present analysis. The observed and 232 
simulated variables used for the evaluation are the dust extinction coefficient profiles, the 233 
DOD and the dust center of mass height which is calculated as shown in Equation 1:  234 
 𝐶𝐶𝐶𝐶𝐶𝐶 =
∫ 𝑧𝑧𝑧𝑧(𝑧𝑧)𝑑𝑑𝑧𝑧𝑧𝑧𝑏𝑏𝑧𝑧𝑡𝑡
∫ 𝑧𝑧(𝑧𝑧)𝑑𝑑𝑧𝑧𝑧𝑧𝑏𝑏𝑧𝑧𝑡𝑡
    (1) 235 
where zb and zt denote the base and top altitude of the dust and a denotes the dust 236 
extinction coefficient at altitude z (above sea level). To avoid cases with low dust extinction 237 
coefficient that bias the center of mass to high altitudes, which is the case here, we applied 238 
an empirical threshold by setting the dust extinction coefficient to be greater than 0.001.  239 
The following statistical indicators are implemented in the comparison analysis between 240 
the observed and the simulated variables, as defined in Binietoglou et al., [2012]:  241 
 242 
- The mean bias (MB), defined as:  243 
𝐶𝐶𝑀𝑀 = 1
𝑁𝑁
∑ (𝐶𝐶𝑀𝑀 − 𝑂𝑂𝑖𝑖)𝑁𝑁𝑖𝑖=1    (2),  244 
where M and O represent the simulated and the observed variables respectively for the i 245 
th measurement pair. The mean bias shows the averaged over- and underestimation of 246 
the simulated values. It ranges from -∞ to ∞ and its perfect score is 0.   247 
 248 
-     The fractional bias (FB):  249 
𝐹𝐹𝐵𝐵 =
2
𝑁𝑁
∑ �𝑀𝑀𝑖𝑖−𝑂𝑂𝑖𝑖
𝑀𝑀𝑖𝑖+𝑂𝑂𝑖𝑖
�𝑁𝑁𝑖𝑖=1     (3), 250 
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where the bias is a normalized measure of the mean bias excluding cases where 251 
prominent outliers occur. It varies between -2 and +2 and its perfect score is 0. 252 
 253 
- The correlation coefficient (r)  254 
𝑟𝑟 = ∑ �𝑀𝑀𝑖𝑖−?́?𝑀��𝑂𝑂𝑖𝑖−?́?𝑂�
𝑁𝑁
𝑖𝑖=1
�∑ �𝑀𝑀𝑖𝑖−?́?𝑀�
2𝑁𝑁
𝑖𝑖=1 ∑ �𝑂𝑂𝑖𝑖−?́?𝑂�
2𝑁𝑁
𝑖𝑖=1 �
1
2
  (4)  255 
measures the strength and direction of the linear relationship between the simulated and 256 
the observed variables and quantifies their correlation and dependence. It ranges from -257 
1 to 1 and its perfect score is 1.   258 
 259 
- The root mean square error (RMSE) 260 
𝑅𝑅𝐶𝐶𝑅𝑅𝐸𝐸 = �1
𝑁𝑁
∑ (𝐶𝐶𝑖𝑖 − 𝑂𝑂𝑖𝑖)2𝑁𝑁𝑖𝑖=1 �
1
2   (5) 261 
 262 
quantifies the sample standard deviation of the differences, representing the average 263 
distance between the simulated and the observed data. It is a measure of how spread 264 
out the simulated from the observed values are, it ranges from 0 to ∞ and its perfect 265 
score is 0. 266 
All the above statistical indicators correspond to time and are estimated in each 1°x1° 267 
grid-cell. The obtained results presented in the geographical distribution correspond to 268 
long term temporal scales (i.e. annual, seasonal). At a regional level, the statistics are 269 
representative both at temporal and spatial scales.  270 
 271 
 272 
 273 
3. Results and Discussion 274 
 275 
 276 
 277 
3.1. Evaluation of columnar mean dust properties 278 
 279 
 In this section, we evaluate the column-integrated dust optical depth and the center of 280 
mass of dust layers simulated by the BSC-DREAM8b model against real observations obtained 281 
from CALIOP. Figure 1 shows the spatial distribution of Dust Optical Depth (DOD) derived by 282 
the CALIPSO dust product (Fig. 1a), simulated by BSC-DREAM8b (Fig. 1b) and the statistical 283 
indicators (MB, r, RMSE and FB) over the study region. The long-term averaged maps as well 284 
as the corresponding evaluation metrics are representative for the period 2009-2013. 285 
 The intercomparison between CALIOP (Fig. 1a) and model DODs values (Fig. 1b) 286 
reveals that the DOD is well reproduced by the BSC-DREAM8b model both in spatial and 287 
temporal terms. More specifically, the simulated dust activity is more intense over the dust 288 
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source regions of Bodelé, Mali-Mauritania, Algeria and across the Arabian Peninsula’s deserts. 289 
Likewise, moderate DOD values (~0.2) are simulated over the adjacent regions of the eastern 290 
part of the tropical Atlantic Ocean and the Mediterranean, regions that are frequently affected by 291 
the dust transport. During the study period, there is an evident covariance between simulated 292 
and observed DODs with r values higher than 0.7 over the dust sources and over areas affected 293 
by short-to-medium range dust transport (Fig. 1e). This agreement diminishes towards the 294 
northern parts of the study region (i.e. northern to 40º N), where long range dust transport takes 295 
place. The geographical distribution of MB (Fig. 1c) shows that the model underestimates (~ 296 
0.1) dust loads at southern latitudes (southern to 20º N) and the Arabian Peninsula, while it 297 
simulates more dust with respect to CALIPSO (~0.4) over Bodelé, Algeria and Libya. This 298 
discrepancy is probably attributed to CALIOP’s deficiency to detect strong dust activity over the 299 
aforementioned regions. In Northern Europe, the MB is zero associated with low DOD values. 300 
However, the FB (Fig. 1d) takes high values, although the differences between model and 301 
observations are small, showing that there is an overestimation of dust in northwestern Europe 302 
and the adjacent Atlantic region, while the underestimation is maximized (FB~1.5) over Northern 303 
Africa. The RMSE shows greater values (>0.4) in the regions with the strongest dust activity 304 
across the Sahara Desert and the Middle East in which the maximum distance error between 305 
observations and model, particularly over North Africa, is also found (Fig. 1f). 306 
 The representativeness of the model results is checked in Appendix B (Fig. B). The first 307 
column of Figure B presents the evaluation of DOD following Fig. 1 (i.e. using the model outputs 308 
collocated to CALIPSO overpasses). In the second column (Fig. Bb,f,j) we present the 309 
evaluation of DOD without applying any collocation criteria. When all model outputs are 310 
considered, more dust (~0.1 AOD) is simulated by the model, leading to an overestimation 311 
across African regions (including source areas) as well as in the Mediterranean. When looking 312 
at the difference between the observed and simulated values (Fig. Bi-j), for the regions of 313 
Sahara southern to 20°N the model overestimates dust (~0.2) when considering all the model 314 
outputs, while it underestimates it (~ -0.1) when considering only the collocated outputs. This 315 
shows that the model-observations intercomparison findings varies depending on when 316 
collocated or not-collocated approach is followed, due to the sampling frequency of CALIPSO 317 
(provides about two measurements per grid per month) and this should be taken into 318 
consideration in relevant studies. In addition, the day-night time differences both for the 319 
observations and for the model are examined in Appendix B (Fig. B third and fourth column 320 
respectively). Slight differences between day and night are reported (<0.1 AOD), both for the 321 
observed and simulated dust extinction. These differences do not affect the model evaluation, 322 
though CALIPSO detects slightly more dust during nighttime. On the contrary the model seems 323 
to simulate slightly more dust during daytime over the Algerian desert with higher values of DOD 324 
of around 0.6, compared to the maximum simulated values of 0.5 during night time. Moreover, 325 
the model captures the variability between day and night due to the activation of the dust 326 
sources in contrast to CALIPSO. This leads to an overestimation (underestimation) of the 327 
simulated dust load during daytime (nighttime). 328 
 The evaluation of the model’s performance has been also analyzed on a seasonal basis. 329 
Figure 2 presents the spatial distribution of the dust optical depth among seasons: January to 330 
March (JFM), April to June (AMJ), July to September (JAS) and October to December (OND), 331 
following Marinou et al., [2017]. The CALIPSO dust product (Fig. 2 a-d) shows that dust activity 332 
is intense during spring with high DOD values of about 0.5 over the Northwestern Africa dust 333 
sources of Mali and Mauritania. During summer months (JAS) dust activity is strongest above 334 
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the Sahara dust sources (~0.6) in accordance with previous studies [Rodriguez et al., 2015; 335 
Knippertz and Todd, 2010]. A decrease in the dust activity (DOD <0.2) is observed during 336 
autumn (OND), while in winter period (JFM) dust activity is low but still present. The Arabian 337 
Peninsula presents also intensive dust activity all year long, but the DOD is relatively low during 338 
autumn and winter compared to other seasons and presents maximum values during spring and 339 
summer. 340 
 The model captures the seasonal patterns of dust with the simulated dust activity 341 
growing strong in spring and summer and weakening in autumn (Fig.2 e-h) over the area of 342 
study. The shift from southern latitudes during autumn and winter to northern latitudes in spring 343 
and summer is also reproduced by the model following the ITCZ position [Prospero et al., 1981] 344 
as well as the location of the most active dust sources [Prospero et al., 2002, Ginoux et al., 345 
2012]. The general conclusions regarding the model evaluation on annual basis are still present 346 
in the seasonal evaluation (Fig. 2 i-p): the model overestimates dust optical depth across the 347 
northwestern parts of Sahara above the Atlas mountain range and underestimates it above 348 
southern Sahara, whereas both declinations reveal a seasonal variability. More precisely, the 349 
aforementioned biases are maximized in spring (AMJ) when dust loads are higher and weaken 350 
during autumn (OND). Throughout the year, the MB shows that dust transport over the 351 
Mediterranean and Europe is well simulated by the model, while FB indicates an overestimation 352 
of transported dust over Europe (FB~ 1), especially during autumn and winter (Fig. 2m,p). 353 
During spring and summer the overestimation is less important, while on the eastern Europe, 354 
the Balkans and Turkey the model underestimates dust (FB~-1, Fig. 2n,o). In sub-Sahel regions 355 
(0-15º N) the model underestimates the dust optical depth especially during spring by about 0.2 356 
(Fig. 2j). This underestimation is less pronounced in winter and summer while during autumn 357 
the optical depth is slightly overestimated (by about 0.05). Throughout the year, the model 358 
simulates weak dust transport towards the Eastern Tropical North Atlantic (0-30°N), while it 359 
simulates satisfactorily the transport of dust over the Eastern Subtropical North Atlantic (30-360 
60°N). There is also a significant underestimation of dust emission over the Arabian Peninsula, 361 
being stronger (~0.2) during spring and weaker (~0.05) during autumn. In autumn (Fig. 2l,p) the 362 
model slightly overestimates AOD (overestimation<0.1) almost all over the area (with the 363 
exception of Northern Atlantic and the Arabian Peninsula), while the relative overestimation is 364 
important over northern Africa (FB~1.5). 365 
 Then the dust center of mass height is evaluated. Fig. 3a presents the mean annual 366 
distribution of the dust CoM height, showing that the core of mineral particles’ load within the 367 
troposphere is recorded at 1.5 km above Northern Africa reaching up to 2.5km over Bodelé, 368 
Algeria and the Arabian Peninsula due to strong convection [Engelstaedter and Washington, 369 
2007]. The CoM height gradually decreases in northern and southern latitudes, found at 1.5 km, 370 
1.0 km, and lower than 0.5 km over the Mediterranean, Southern and Northern Europe, 371 
respectively, and at ~1km over southern Sub-Sahel regions, attributed to diffusion and 372 
deposition processes and being in agreement with previous analyses relied on EARLINET 373 
observations [Papayannis et al., 2008]. Even though the model simulates the general pattern, 374 
the agreement with respect to the observations exhibits a spatial variation (Fig. 3B-d). More 375 
specifically, it is evident a slight overestimation of dust CoM height over the Arabian Peninsula 376 
(~0.25km), while all over the Mediterranean, Europe and the adjacent Atlantic Ocean, the model 377 
simulates lower dust CoM heights (~0.05km). Over Africa the model simulates satisfactorily the 378 
dust height with a slight underestimation (<0.2km). The correlation between the observed and 379 
simulated CoM heights (Fig. 3e) is very good (>0.85) in low latitudes (< 40°N) and decreases 380 
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over Northern Europe. The pattern of the dust center of mass correlation coefficient is similar to 381 
the DODs (Fig. 1e) as the model has difficulties in simulating the long-range dust transport. The 382 
RMSE presents uniform values of ~1km with the exception of central Africa where the error is 383 
lower (~0.2km), the Mediterranean and the adjacent Ocean (RMSE~1.5km).  384 
 The seasonal evaluation of the geographical distribution of the dust center of mass is 385 
presented in Figure 4. The center of mass according to CALIPSO (Fig. 4 a-d) reaches high 386 
heights above the dust source regions of Sahara in Northern Africa and above the Arabian 387 
Peninsula being gradually decreased over the adjacent regions of transport over the Atlantic 388 
Ocean and the Mediterranean Sea. The center of mass varies also with season, with higher and 389 
lower heights during the warm period (JAS) and during autumn (OND), respectively. Over the 390 
Sahara, particularly at its eastern parts, the center of mass reaches 3 km height during JAS. 391 
Over the Mediterranean Sea and southern Europe, the main portion of the dust layer is traveling 392 
at ~ 2 km in spring and summer and at ~1 km height during autumn and winter months.  393 
 The model (Fig. 4 e-p) also simulates the main features of the dust center of mass with 394 
the biases presented in the following. The biases persist all year but are more or less 395 
pronounced according to the season. To be more specific, the model underestimates the height 396 
of the center of mass above North Africa and the adjacent Atlantic Ocean at the order of 1 km 397 
during spring and summer and at the order of 0.5 km during autumn and winter months. It 398 
underestimates the dust CoM in northern latitudes over the Mediterranean Sea and Europe 399 
(~0.5km) during spring and summer months, and less than 0.5 km during autumn and winter. 400 
Over Morocco and the Arabian Peninsula, the model overestimation of the dust center of mass 401 
height is less than 1km, this overestimation being stronger during warm months. 402 
 403 
 404 
3.2. Evaluation of vertical dust distribution 405 
 406 
 To evaluate the vertical distribution of dust simulated by the BSC-DREAM8b at a 407 
regional scale, the study area has been divided in four longitudinal zones extending from 22 to 408 
60º N (Fig. 5a-d): 22 to 10º W (corresponding to Northeastern Atlantic), 10º W to 10º E (Western 409 
Sahara, Western Mediterranean and Northwestern Europe), 10 to 30º E (Eastern Sahara, 410 
Eastern Mediterranean and Northwestern Europe) and 30 to 50º E (Middle East). Figure 5 411 
presents for each region the zonal mean profile of the dust extinction coefficient as observed by 412 
the CALIPSO dust product, as simulated by the model as well as the mean and fractional bias 413 
defined as model-observations.  414 
 The CALIPSO dust product reveals patterns of the dust cycle (emission and transport) 415 
over the area (Fig. 5e-h). It shows that dust is ubiquitous present at heights close to the surface 416 
from 0 to 40º N. Near the Saharan dust sources (10 – 25º N) increased dust activity is observed 417 
while mineral particles reach up to 6 km. When moving from west to east the top height of dust 418 
is decreasing, as it has been presented also for the broader Mediterranean region [Gkikas et al., 419 
2016]. The model is in good agreement with the observations, simulating the general pattern of 420 
dust vertical profiles but biases are also present. It overestimates the dust near the sources and 421 
underestimates the dust layers around the sources, i.e. adjacent to the surface, southern the 422 
sources (0-15º N), above the sources (at about 4-6km) as well as northern of them (northern of 423 
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35º N), while the absolute bias is always low (<±0.2). More specifically, for the area between 22º 424 
to 10º W over the Atlantic Ocean (Fig.5a,e,i,m,q) the presence of elevated dust plumes is 425 
observed for latitudes up to 30º N reaching up to 5 km and yields high values of extinction 426 
coefficient (up to 0.09 km-1) over Africa. The model underestimates this plume by simulating 427 
lower values of extinction (0.05km-1) across the Africa region especially at low layers, but also in 428 
higher altitudes by missing the high elevated layers (~ 5km). This underestimation is not 429 
apparent in the fractional bias (Fig. 5q). A small overestimation (of about 0.02 km-1) is found at 430 
heights of 0.5 - 2 km across the dust sources of Western Africa (Fig. 5m). Over the area of 10º 431 
W to 10º E, high values of extinction are observed (around 0.12 km-1) above North Africa and 432 
the Algerian desert (Fig. 5f). In those regions dust is elevated up to 6km. Dust is transported 433 
further to higher latitudes towards the Mediterranean and central Europe. In northern regions 434 
(30 – 50º N), the values of extinction are decreased (~0.02 km-1) but are still present at ~1km 435 
height. The model underestimates the extinction coefficient in southern latitudes (0 - 15 ºN) both 436 
in intensity (up to 0.06 km-1) and height (up to 6 km), the greatest underestimation found in low 437 
altitudes all over the African zone (Fig. 5 j-r). On the contrary, there is an overestimation of the 438 
extinction (of about 0.03 km-1) above the Algerian desert. Moving eastwards (10 – 30º E), similar 439 
patterns are observed. Dust extinction over the dust sources of central Sahara and Libya 440 
reaches values of 0.11 km-1 close to the surface while dust extinction over the western 441 
Mediterranean is around 0.30 km-1 (Fig. 5g). Dust is also trapped by the topography and 442 
washed out by precipitation at eastern Alps and the Carpathian Mountains, preventing its 443 
transport to the north. It reaches high altitudes (up to 6 km) above the sources and decreases 444 
with increasing distance from the dust sources. The model simulates higher values of dust 445 
extinction above the Saharan sources of around 0.12 km-1 (Fig. 5k). Most of the dust load is 446 
located in low layers (up to 2 km), while at higher layers (3-5 km) dust is underestimated by the 447 
model of about 0.02 km-1 MB but shows good agreement on fractional bias (Fig. 5o,s). Dust is 448 
also slightly (0.01km-1) underestimated in regions of transport, northern and southern from the 449 
sources. Moving further eastwards at 30 – 50 º E, the dust originates from the Arabian desert 450 
(10 – 35º N) and is transported further southern towards the eastern Africa and northern 451 
towards Turkey (Fig. 5h). Dust extinction takes high values over the expanded area of Saudi 452 
Arabia, up to 1.5 km height and 0.11 km-1 and reaches heights of 5 km with 0.07 km-1 dust 453 
extinction values. The model significantly underestimates the dust extinction over the Arabian 454 
sources at the order of 0.08 km-1 especially at low altitudes up to 1 km, both in mean and 455 
fractional bias (Fig. 5 p-t). It is also not able to simulate well the dust transported over Iraq, Syria 456 
and Turkey over 32 – 40 ºN.  457 
 458 
 459 
3.3. Evaluation of mean regional dust properties 460 
 461 
Figure 6 displays the mean vertical distributions of the observed and simulated dust 462 
extinction for nine sub-regions of our study domain representing distinct dust characteristics: 463 
Eastern Tropical North Atlantic (15-22º W, 0-30º N), Eastern Subtropical North Atlantic (10-22º 464 
W, 30-60º N), Northern Europe (-10-40º E, 45-60º N), Western Mediterranean (-10-15º E, 30-465 
45º N), Eastern Mediterranean (15-35º E, 30-45º N), Western Sahara (-15-10º E, 10-30º N), 466 
Eastern Sahara (10-35º E, 10-30º N), Northern Chad (10-22º E, 13-22º N) and Middle East (35-467 
12 
 
50º E, 20-40º N). Based on our results, it is evident a variability of mineral particles’ load vertical 468 
extension among the considered sub-domains. Maximum values of extinction (0.10km-1) are 469 
observed over the dust source regions of Western Africa at altitudes lower than 500m, which 470 
gradually decrease for increasing heights up to 6km. Similar patterns are observed over the 471 
Eastern Sahara with maximum extinctions up to 0.07km-1, while over Northern Chad the 472 
corresponding levels can be as high as 0.12km-1. In the Middle East, the extinction levels are 473 
high near the ground (0.12km-1) with standard deviation values up to 0.40km-1. Dust is 474 
transported over the Mediterranean with maximum values of dust extinction of 0.03km-1 at the 475 
boundary layer while mineral particles are found up to 6km. Dust is further transported and 476 
detected over Northern Europe with low but still present values of extinction (maximum of 0.01 477 
km-1 at the boundary layer). Low amounts of dust are also detected over the Eastern Subtropical 478 
North Atlantic and westerly over the Eastern Tropical North Atlantic with maximum values of 479 
extinction up to 0.06km-1. The model captures the general patterns of dust emission and 480 
transportation over the area, although biases are also present. Over Western Africa the model 481 
simulates the maximum of extinction at about 200 m higher than observed, while in altitudes 482 
higher than 2 km dust extinction is underestimated. In Eastern Sahara, there is an 483 
overestimation at layers lower than 3 km and an underestimation at heights greater than 3 km. 484 
At the highly dust-active area of Northern Chad, the model simulates greater extinction 485 
coefficient compared to CALIPSO (maximum values of 0.17 to 0.12km-1 respectively). The 486 
maximum extinction at this area is observed at 500 m but simulated higher, at approximately 487 
1km. Above 3 km height the model simulates lower extinction values than observed. Over 488 
Middle East there is an underestimation of dust along the vertical column, which is stronger for 489 
maximum values of extinction below 2 km height. Over Eastern Mediterranean the model 490 
underestimates dust near the surface, but simulates successfully the extinction from 1 km and 491 
up to 6 km height. Over Western Mediterranean the simulated dust profile is close to the 492 
observed with a slight underestimation of extinction at low layers (<500 m) and slight 493 
overestimation from 0.5 km up to 5 km of altitude. The model has difficulties in simulating the 494 
dust transported and reaching Northern Europe and Eastern Subtropical North Atlantic. The 495 
west transport over the Eastern Tropical North Atlantic is also underestimated by the model in 496 
all the atmospheric column simulating an almost constant extinction coefficient of 0.02km-1 from 497 
0.3 up to 4 km height. 498 
Figure 7 presents the statistical indicator’s profile for each region as well as the 499 
corresponding number of profiles. The mean biases (Fig. 7a) show that the model simulates 500 
higher values of dust extinction over the Sahara dust sources compared to CALIPSO, this 501 
difference reaching maximum values of 0.04 km-1 (0.1 km-1 at Northern Chad) at about 1-2 km 502 
height, while at higher altitudes (4-6 km) the model underestimates the dust extinction. The 503 
transported dust over the Eastern Tropical North Atlantic is slightly overestimated (~0.007km-1) 504 
by the model in low altitudes (<2 km) and underestimated (~0.01 km-1) at 4-6km height. Over 505 
the Mediterranean, the dust extinction profile is overestimated (up to 0.01 km-1 for the Western 506 
Mediterranean and up to 0.003 km-1 for the Eastern Mediterranean). East Subtropical North 507 
Atlantic and Northern Europe present similar patterns with a slight overestimation of dust 508 
(<0.005 km-1) at low altitudes (<3 km). The area of Middle East presents the highest 509 
underestimation of dust extinction coefficient starting from 0.04km-1 in low altitudes and 510 
decreasing with height. This is also shown in the RMSE profiles (Fig. 7b) where the greatest 511 
deviations between observations and model are present at the area of Middle East and 512 
Northern Chad and for low altitudes. In all regions the deviation is greater at low altitudes and 513 
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decreases with height. High differences (MB ≈ 0.15km-1) are also present for the Sahara region. 514 
On the contrary, low biases are present at the region of East Subtropical North Atlantic and 515 
Northern Europe where the dust extinction is low. Most of the regions present a similar 516 
correlation coefficient pattern (Fig. 7c) with maximum correlation (~0.6) at 4-5 km of altitude 517 
corresponding both to areas with large number of profiles (Eastern Mediterranean, Sahara and 518 
Middle East) and less profiles as well (East Tropical North Atlantic). The only region that 519 
presents the same profile pattern but with smaller correlation values is North Europe with 520 
maximum correlation of about 0.4. Above 5 km and below 3 km height the correlation decreases 521 
and takes values lower than 0.5. 522 
Further we compare the column-integrated dust properties for the regions of study. Figure 8 523 
shows the Taylor’s diagrams of the DOD and the center of mass for each region, where the 524 
azimuthal angle presents the correlation coefficient, the distance from the point on the x-axis 525 
presents the RMSE and the radial distance presents the standard deviation of the simulated 526 
patterns. The dust optical depth (Fig. 8a) is better represented over the East Tropical North 527 
Atlantic (r ~0.75 and RMSE~ 0.09).  It is quite well represented over the strong dust sources of 528 
Sahara and the Middle East, while the area of Northern Chad presents low correlation (r=0.5), 529 
high RMSE (~0.19) and high standard deviation (~0.19). The worst simulation occurs for the 530 
areas of rare dust events transported towards Northern Europe (r<0.3 and RMSE~0.2). The 531 
region of Northern Europe and East Subtropical North Atlantic presents also the less good 532 
simulations of the dust center of mass height (Fig. 8b) with r~0.4. The dust center of mass 533 
height presents the better simulations over the Sahara (r~0.85, RMSE~0.6), the Middle East 534 
(r~0.82, RMSE~0.7), and at the dust transport regions of East Tropical North Atlantic and the 535 
Mediterranean Sea with better simulations over the western than the eastern Mediterranean. 536 
The ability of the model to correctly simulate the temporal variation of dust is examined over 537 
characteristic regions of the Eastern Sahara, Middle East and Western Mediterranean as typical 538 
areas of dust generation and dust transport. Figure 9 shows the observed (red line) and 539 
simulated (black line) interannual (upper diagrams) and intrannual (medium diagrams) variability 540 
as well as the mean bias of the intrannual (lower diagrams) variability of the DOD (left column) 541 
and the dust center of mass height (right column). The model captures the temporal variability of 542 
dust at both source and transport areas, and at both interannual and intrannual scales. Over the 543 
dust source regions of Eastern Sahara, the model simulates the picks during warm months, 544 
although both overestimations and underestimations of less than 0.1 DOD take place (Fig. 9a). 545 
Similarly, the model simulates the annual cycle of DOD with maximum values (~0.2) during April 546 
to June and lower values between November and January. Low differences (<0.05) and within 547 
the limits of the standard deviation are found between the model and the observations 548 
(Fig.9b,c). The simulated dust center of mass height over Eastern Sahara follows the observed 549 
temporal variability but is slightly (<200m) lower than the observed consistently throughout the 550 
study period (Fig. 9d-f). Over the Middle East the model simulates the interannual and 551 
intrannual variation of dust optical depth (Fig. 9g-i), but it constantly underestimates them, 552 
missing especially the high values when dust activity peaks during spring and summer periods 553 
(MB~0.13), while during summer 2009 this underestimation becomes greater (~0.2). Taking 554 
also into consideration the fact that over the Middle East CALIPSO already mis-detects the high 555 
values of optical depth compared to MODIS (Fig. A, values of AOD close to 1), we conclude that 556 
the model has serious problem in simulating dust over the Middle East. Despite these limitations 557 
the simulation of the dust center of mass height above Middle East presents significant 558 
accordance with the observations (Fig. 9j-l).  Regarding the transported dust over Western 559 
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Mediterranean the model simulates the temporal variability of the lower values of dust load 560 
(DOD<0.15) overestimating it slightly during warm months from March to June, except for the 561 
summer of 2012 (Fig. 9m-o). The variability of the dust center of mass height over the same 562 
region is also well simulated by the model (Fig. 9p-r) with a constant negative bias of about 563 
200m. 564 
 565 
 566 
4. Conclusions   567 
 568 
In the present study, we evaluate the dust regional model BSC-DREAM8b based on the 3D 569 
LIVAS-CALIPSO dust product and assess the potential model biases. To this aim, we compare 570 
5 years of observed and simulated dust extinction profiles (2009-2013) focusing on the northern 571 
Africa, the Mediterranean Sea, Europe, the Middle East and the Atlantic Ocean from 0 to 60º N 572 
and from 22º W to 50º E. 573 
The aim of the study is to use the LIVAS-CALIPSO dust product as reference for the 574 
evaluation study and thus highlight that the product is key towards understanding the three-575 
dimensional properties of dust and provides for the first time the ability to compare the simulated 576 
and observed dust structures over the entire model domain. 577 
The BSC-DREAM8b performance in reproducing CALIPSO-derived mean dust extinction 578 
profiles showed that :  579 
- The model follows similar to the observational patterns: the thickest layers are 580 
found during summer and over the emission areas and the dust masses shift 581 
from southern latitudes during autumn and winter to northern latitudes in spring 582 
and summer.  583 
- The transported dust adjacent to the sources is underestimated by the model 584 
except for the dust transport over the Mediterranean Sea that is overestimated 585 
(maximum MB of extinction of 0.15km-1 over Western Mediterranean at 1-2km 586 
altitude). 587 
- The dust center of mass height is slightly underestimated by the model over the 588 
Mediterranean by about 200m. 589 
- We found an underestimation in extinction of dust transported at Northern 590 
Europe (MB of extinction ~ -0.005km-1), and a low correlation with the observed 591 
DOD (r<0.4), due also to the small dust sampling over the region of Northern 592 
Europe. 593 
- The model simulates less dust transported towards the Eastern Tropical North 594 
Atlantic all over the year (MB of DOD~-0.1), although the DOD has good 595 
correlation with the observed values and low RMSE (r~0.75, RMSE~0.9). 596 
- There is a significant underestimation of dust over the Middle East all along the 597 
vertical column, being stronger during warm seasons and reaching up to -0.2 598 
MB of DOD and up to -0.07km-1 MB of extinction. This underestimation being 599 
even stronger when considering that CALIPSO mid-detects DOD over this 600 
region. In addition, the RMSE of the dust extinction is high (up to 0.3km-1) while 601 
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the temporal variation of the dust center of mass is very well simulated by the 602 
model over the area of Middle East. 603 
A previous study of Basart et el. [2012] that evaluated BSC-DREAM8b with data from 604 
AERONET stations and from seasonally averaged passive satellite observations, has identified 605 
different model’s biases compared to the results of the present study: that the model strongly 606 
underestimates AOD over the Sahel, overestimates the AOD over northwestern Africa, the 607 
Middle East and the Mediterranean in spring.   608 
The results presented in this study help to constrain the model uncertainty which is very 609 
important to give information to the users about the accuracy of the provided dust forecasts. 610 
Such observational evidence on the vertical structure of dust plumes is provided for the first time 611 
and the evaluation methodology followed in this study highlights the importance of this 612 
information for the evaluation of regional dust models. An interesting finding is also produced 613 
from the quantitative comparisons between model and satellite extinctions showing a significant 614 
overestimation close to the strong Saharan sources (e.g. in Algeria and Bodelé). Such 615 
discrepancy between model and satellite data at these areas may also imply certain constraints 616 
of the CALIOP to detect the strong dust activity either due to misclassification of dust as clouds 617 
or due to the attenuation of the lidar signal in extreme events. Future developments in the 618 
observational dataset will focus on the mitigation of such issues. 619 
 620 
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Figure 1: Spatial distribution of the mean dust optical depth a) observed by the CALIPSO dust 879 
product and b) modelled by BSC-DREAM8b, and (c) mean bias, (d) fractional bias, (e) 880 
correlation coefficient and (f) root mean square error for the domain between 22°W to 50°E and 881 
0 to 60° N. The data are averaged for the 2009-2013 period. Grey dotes denote lack of 882 
CALIPSO measurements. 883 
Figure 2: Seasonal spatial distribution of the mean dust optical depth as observed by the 884 
CALIPSO dust product (a-d), modeled by BSC-DREAM8b (e-h), the mean bias (i-l), and the 885 
fractional bias (m-p) between the model and the observations, for January - March (first 886 
column), April - June (second column), July - September (third column) and October – 887 
December (fourth column) for the domain between 22°W to 50°E and 0 to 60° N and for the 888 
period 2009-2013. Grey dotes denote lack of CALIPSO measurements. 889 
Figure 3: As in Fig. 1 for the center of mass (in km). 890 
Figure 4: As in Fig. 2 for the center of mass (in km). 891 
Figure 5: Zonal mean dust extinction coefficient (in km-1) for the longitudinal regions from 22ºW 892 
to 50ºE as illustrated by domain maps (a-d), observed by the CALIPSO dust product (e-h), 893 
modelled by BSC-DREAM8b (i-l), the mean (m-p) and the fractional (q-t) bias between model 894 
and observations for the regions 22 to 10º W (a,e,i,m,q), 10º W to 10º E (b,f,j,n,r), 10 to 30º E 895 
(c,g,k,o,s) and 30 to 50º E (d,h,l,p,t) for the period 2009-2013. 896 
Figure 6: Mean profile of the dust extinction coefficient (in km-1) as observed by the CALIPSO 897 
dust product (red line) and modeled by BSC-DREAM8b (black line) averaged by regions shown 898 
in the upper right map of each figure: Eastern Tropical North Atlantic (15-22º W, 0-30º N), 899 
Eastern Subtropical North Atlantic (10-22º W, 30-60º N), Northern Europe (-10-40º E, 45-60º N), 900 
Western Mediterranean (-10-15º E, 30-45º N), Eastern Mediterranean (15-35º E, 30-45º N), 901 
Western Sahara (-15-10º E, 10-30º N), Eastern Sahara (10-35º E, 10-30º N), Northern Chad 902 
(10-22º E, 13-22º N) and Middle East (35-50º E, 20-40º N), for the period 2009-2013. Shaded 903 
areas indicate the standard deviation of the mean values.  904 
Figure 7: a) Mean bias, b) Root mean square error and c) Correlation coefficient between the 905 
observed by the CALIPSO dust product and the modeled by BSC-DREAM8b profiles of the dust 906 
21 
 
extinction coefficient (in km-1) for the different regions defined in Fig. 6, for the period 2009-907 
2013. d) Histogram of the number of profiles corresponding to each region. 908 
Figure 8: Taylor diagrams for BSC-DREAM8b model against the CALIPSO dust product for the 909 
regions defined in Fig.6 for the mean dust AOD and b) for the center of mass (in km) for the 910 
period 2009-2013. The radial distance from the origin is proportional to the standard deviation of 911 
a pattern. The centered root mean square error (RMSE) distance between the modeled and the 912 
observational field is proportional to their distance apart (in the same units as the standard 913 
deviation). The correlation between the two fields is given by the azimuthal position of the 914 
modeled field.    915 
Figure 9: Temporal series of the interannual (upper lines), intrannual (medium lines) and mean 916 
bias of the intrannual (lower lines) variability of the BSC-DREAM8b modelled (black line) versus 917 
the observed by the CALIPSO (red line) AOD dust product (left column) and center of mass 918 
height (in km, right column), over Eastern Sahara (a-f), Middle East (g-l) and Western 919 
Mediterranean (m-r) for 2009-2013. In the mean bias the red areas correspond to 920 
overestimation and the blue areas to underestimation by the model. 921 
Figure A: Spatial distribution of a) the mean dust optical depth observed by the CALIPSO dust 922 
product and b) the total aerosol optical depth observed by MODIS daily colocated with 923 
CALIPSO overpasses, for the domain between 22°W to 50°E and 0 to 60° N and for the period 924 
2009-2013. Grey dotes denote lack of CALIPSO measurements.  925 
Figure B: Spatial distribution of the mean dust optical depth as observed by the CALIPSO (first 926 
line), modelled by BSC-DREAM8b (second line), the mean bias (third line), and the fractional 927 
bias (fourth line) between the model and the observations for the domain between 22°W to 50°E 928 
and 0 to 60° N and for the period 2009-2013 . The first column (a,e,i,m)  presents only the 929 
model outputs that correspond to CALIPSO overpasses, the second column (b,f,j) presents all 930 
the model outputs, the third column (c,g,k,h) corresponds to day time observations and 931 
simulations for the CALIPSO overpasses and the fourth column (d,h,l,o) corresponds only to 932 
night time observations and simulations for the CALIPSO overpasses. Grey dotes denote lack 933 
of CALIPSO measurements. 934 
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Figure 1: Spatial distribution of the mean dust optical depth a) observed by the CALIPSO dust 955 
product and b) modelled by BSC-DREAM8b, and (c) mean bias, (d) fractional bias, (e) 956 
correlation coefficient and (f) root mean square error for the domain between 22°W to 50°E and 957 
0° to 60° N. The data are averaged for the 2009-2013 period. Grey dotes denote lack of 958 
CALIPSO measurements. 959 
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Figure 2: Seasonal spatial distribution of the mean dust optical depth as observed by the 988 
CALIPSO dust product (a-d), modeled by BSC-DREAM8b (e-h), the mean bias (i-l), and the 989 
fractional bias (m-p) between the model and the observations, for January - March (first 990 
column), April - June (second column), July - September (third column) and October – 991 
December (fourth column) for the domain between 22°W to 50°E and 0 to 60° N and for the 992 
period 2009-2013. Grey dotes denote lack of CALIPSO measurements.  993 
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Figure 3: As in Fig. 1 for the center of mass (in km). 1019 
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Figure 4: As in Fig. 2 for the center of mass (in km). 1042 
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Figure 5: Zonal mean dust extinction coefficient (in km-1) for the longitudinal regions from 22ºW 1071 
to 50ºE as illustrated by domain maps (a-d), observed by the CALIPSO dust product (e-h), 1072 
modeled by BSC-DREAM8b (i-l), the mean (m-p) and the fractional (q-t) bias between model 1073 
and observations for the regions 22 to 10º W (a,e,i,m,q), 10º W to 10º E (b,f,j,n,r), 10 to 30º E 1074 
(c,g,k,o,s) and 30 to 50º E (d,h,l,p,t) for the period 2009-2013. 1075 
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Figure 6: Mean profile of the dust extinction coefficient (in km-1) as observed by the CALIPSO 1099 
dust product (red line) and modeled by BSC-DREAM8b (black line) averaged by regions shown 1100 
in the upper right map of each figure: Eastern Tropical North Atlantic (15-22º W, 0-30º N), 1101 
Eastern Subtropical North Atlantic (10-22º W, 30-60º N), Northern Europe (-10-40º E, 45-60º N), 1102 
Western Mediterranean (-10-15º E, 30-45º N), Eastern Mediterranean (15-35º E, 30-45º N), 1103 
Western Sahara (-15-10º E, 10-30º N), Eastern Sahara (10-35º E, 10-30º N), Northern Chad 1104 
(10-22º E, 13-22º N) and Middle East (35-50º E, 20-40º N), for the period 2009-2013. Shaded 1105 
areas indicate the standard deviation of the mean values.  1106 
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Figure 7: a) Mean bias, b) Root mean square error and c) Correlation coefficient between the 1132 
observed by the CALIPSO dust product and the modeled by BSC-DREAM8b profiles of the dust 1133 
extinction coefficient (in km-1) for the different regions defined in Fig. 6, for the period 2009-1134 
2013. d) Histogram of the number of profiles corresponding to each region. 1135 
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Figure 8: Taylor diagrams for BSC-DREAM8b model against the CALIPSO dust product for the 1145 
regions defined in Fig.6 for the mean dust AOD and b) for the center of mass (in km) for the 1146 
period 2009-2013. The radial distance from the origin is proportional to the standard deviation of 1147 
a pattern. The centered root mean square error (RMSE) distance between the modeled and the 1148 
observational field is proportional to their distance apart (in the same units as the standard 1149 
deviation). The correlation between the two fields is given by the azimuthal position of the 1150 
modeled field.    1151 
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Figure 9: Temporal series of the interannual (upper lines), intrannual (medium lines) and mean 1186 
bias of the intrannual (lower lines) variability of the BSC-DREAM8b modelled (black line) versus 1187 
the observed by the CALIPSO (red line) AOD dust product (left column) and center of mass 1188 
height (in km, right column), over Eastern Sahara (a-f), Middle East (g-l) and Western 1189 
Mediterranean (m-r) for 2009-2013. In the mean bias the red areas correspond to 1190 
overestimation and the blue areas to underestimation by the model. 1191 
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Figure A: Spatial distribution of a) the mean dust optical depth observed by the CALIPSO dust 1210 
product and b) the total aerosol optical depth observed by MODIS daily colocated with 1211 
CALIPSO overpasses, for the domain between 22°W to 50°E and 0 to 60° N, for the period 1212 
2009-2013. Grey dotes denote lack of CALIPSO measurements.  1213 
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Figure B: Spatial distribution of the mean dust optical depth as observed by the CALIPSO (first 1243 
line), modelled by BSC-DREAM8b (second line), the mean bias (third line), and the fractional 1244 
bias (fourth line) between the model and the observations for the domain between 22°W to 50°E 1245 
and 0 to 60° N and for the period 2009-2013. The first column (a,e,i,m)  presents only the model 1246 
outputs that correspond to CALIPSO overpasses, the second column (b,f,j) presents all the 1247 
model outputs, the third column (c,g,k,h) corresponds to day time observations  and simulations 1248 
for the CALIPSO overpasses and the fourth column (d,h,l,o) corresponds only to night time 1249 
observations and simulations for the CALIPSO overpasses. Grey dotes denote lack of 1250 
CALIPSO measurements. 1251 
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